In this paper, an LNG BOG re-liquefaction system operating according to the Claude refrigeration cycle using oxygen as refrigerant is analysed. It includes a comprehensive exergy analysis of a BOG reliquefaction system installed onboard an LNG carrier. Commonly operating data have been used to carry out a thermodynamic analysis of the system. The system is basically made of two parts: Oxygen cycle and LNG BOG cycle.
Introduction
LNG carrier propulsion systems continue to undergo major changes as older propulsion systems, primarily steam turbines, are replaced with innovative systems, which tend to be predominantly Diesel engines. The most promising solutions include slow speed Diesel propulsion and the dual Diesel-electric propulsion in which BOG is also used as fuel. Compared to steam turbine based propulsion systems, the merits of marine Diesel engines include lower fuel consumption and lower unburned hydrocarbons emissions, due to the overall lean combustion and a better fuel efficiency due to controlled nonhomogeneous combustion high pressures.
Nomenclature

COP
Coefficient of performance Therefore, Diesel engines are an attractive option to reduce CO 2 emissions from ships. The two systems require a BOG re-liquefaction plant that liquefies excessive BOG and return it to tanks. These options allow owners savings by adopting Diesel or diesel-electric. In addition, it increases the amount of LNG delivered to the receiving terminal, which is more profitable than its use as fuel.
The concept is being tested on some LNG carrier . It should be extended in the near future. To this end, the literature provides very recent studies dealing with these systems. For example, Chin [1] has performed a cycle analysis in order to find the optimum design point of the LNG Boil-off gas reliquefaction system. Thermodynamic analysis has revealed the system could be defined by three state variables. Thus the system performance could be described by the three cold endpoint temperatures of the three-pass heat exchanger. This enabled us to investigate the cycle performance in terms of the heat exchanger parameters. To get access to the cycle states of higher system performances, larger heat exchangers were found necessary. Also the thermal pinch in cryogenic heat exchangers was found to act as a limiting factor to the system performance. Moon et al. [2] have used numerical methods to analyze Claude and Kaptiza refrigeration cycles. It was found that Kaptiza refrigeration cycle is more efficient in plant operability and cost for the LNG BOG re-liquefaction plant than the Claude cycle. The effect of outlet temperature of BOG condenser for the nitrogen cycle, the ratio of expanded mass flow rate through turbo-expander to the total mass flow rate on the system efficiency of selected LNG boil-off reliquefaction cycle has also delineated. The results indicate that there exist unique optimum values for the ratio of expanded mass flow rate through the turboexpander to the total mass flow rate. Pil et al. [3] have given an introduction to reliability assessment of reliquefaction systems for boil-off gas on LNG carriers with focus on redundancy optimization and maintenance strategies. The reliability modeling is based on a time-dependent Markov approach. Four different system options have been studied, with varying degree of redundancy. Failures in the reliquefaction system may require flaring of the BOG, and the associated cost has been compared with the cost of introducing redundancy added to maintenance cost onboard. A model for maintenance optimization has been developed and applied on a main unit of the reliquefaction system. The input data have been collected from the best available data sources and adjusted by expert judgment. Anderson et al. [4] have discussed the details of the design, qualification and development activities, and operating modes of the reliquefaction systems for the first Q-Flex and Q-Max LNG carriers to enable the use of slow-speed Diesel engines to achieve higher efficiency and lower emissions than conventional LNG carriers. An object-oriented dynamic simulation which facilitates the design of the plant and control system for the thermal process has been presented by Shin and Lee [5] . A reliquefaction process based on the reverse Brayton cycle has been designed, and its static thermodynamic states at the design BOG load have been presented. Dynamic simulations have been conducted for all operating modes. It was found that the expander exit temperature is the key process variable for control and that the process control works successfully when three actuators are activated in three different BOG load regimes. The study also shows that control of the separator pressure to keep the vapor fraction at the throttle valve exit as low as possible is an efficient method for purging nitrogen from BOG. Dimopoulos and Frangopoulos [6] have developed a detailed dynamic boil-off model which accounts for the variation of BOG mass flow, composition and thermodynamic properties during voyage. The model employs coupled non-linear vapor-liquid phase equilibrium thermodynamic equations and differential conservation equations describing the evolution of LNG quantity and composition with time. Various solution and time discretization schemes have been tested to assess the solution accuracy and stability. The model has been used to investigate the variation of the LNG and BOG quantity, composition and thermodynamic properties during typical voyage profiles of a case study LNG vessel. Variations of the thermodynamic properties and the quantity of BOG in the range of 6 to 10% during voyage have been found, having a significant impact in operation modes and fuel consumption of the energy system. Results have been also compared with the traditional approaches used in the marine technical practice. Beladjine et al. [7] conducted a detailed exergy analysis of an LNG BOG re-liquefaction plant in order to quantify the individual losses in each component of the cycle.
The analysis of systems performance of a large number of possible refrigerants using detailed experimentation or full system modeling is time consuming and cost prohibitive. The best methodology would be to begin with a simple and reliable thermodynamic model which could quickly evaluates and compares thermodynamically a large list of refrigerants. More efficient refrigerants could then be investigated in-depth using experimental and full system modeling approaches. The development of the previously mentioned thermodynamic model is, in fact, the aim of this paper.
To model BOG re-liquefaction cycles and to design their components, accurate algorithms for thermodynamic properties of the working fluid are required. A model for calculating thermodynamic properties for nitrogen and oxygen in BOG re-liquefaction system, developed out of this study, is recommended. The thermodynamic model, composed of equations of state, provides the necessary relationships between thermodynamic properties. Combined to fundamental thermodynamic relations too, it can generate all the properties required to carry out an exergy analysis of the cycle.
In this paper, an LNG BOG re-liquefaction system operating according to the Claude refrigeration cycle using oxygen as refrigerant is considered. It includes a comprehensive exergy analysis of a BOG reliquefaction system installed onboard an LNG carrier. Commonly operating data have been used in the thermodynamic analysis. The system is basically made of two parts: Oxygen cycle and LNG BOG cycle.
Thermodynamic analysis
To improve the performance of the cycle, it is necessary to conduct the thermodynamic analysis. LNG is a mixture of gases, methane being the main component. Almost no heavy hydrocarbons are present in the BOG since their boiling point temperatures are much higher than the LNG temperature. The as methane [8] .
System description
LNG BOG Re-liquefaction plants such as those used on board LNG carriers liquefy LNG BOG using basic thermodynamic principals of a refrigerant compression-expansion cycle (Claude cycle) by extracting heat from the boil-off gas. BOG is removed from the cargo tanks by means of a two stage centrifugal compressor. The BOG is cooled and condensed to LNG in three heat exchangers.
Typical LNG BOG re-liquefaction system and its corresponding temperature-entropy diagram are shown in Fig. 1 . Discharge pressure from BOG compressor is 4.5 bars and the BOG is cooled and condensed to LNG at this pressure in a 3-stream plate-fin cryogenic heat exchanger (cold box). The system uses a refrigerant (nitrogen or oxygen) Claude cycle. The refrigerant at 14 bars is compressed to 58 bars in three-stage compressor with water inter-cooling. box (HX1) it is pre-cooled (-110°C) and expanded through a rotary expander from about 58 bars pressure to 14 bars. By this expansion the temperature of the refrigerant falls, by Joule-Thomson effect, to 160°C.
The cold refrigerant is lead to the cold box (HX2) where it cools the boil-off gas which has been compressed to about 4.5 bars in the low duty compressor. The condensed boil-off gas is lead to a liquid receiver where the LNG is collected and the non-condensable gases, mainly nitrogen, are vented in a separator vessel. The vented gases are either returned to the vapour main or directed to the gas combustion unit for incineration. Venting to the atmosphere is normally not permitted since the contents of methane gas in the vented gas are 20-25% at 4.5 bars of pressure in the liquid receiver. From the separator, the LNG is returned to the cargo tanks by the differential pressure in the system. 
Energy analysis
The analysis has been carried out considering the following assumptions:
-all processes are considered in equilibrium state with negligible kinetic and potential energies, -absence of chemical reactions, -heat and pressure losses in the pipes are neglected, -the LNG BOG is assumed as 100% methane. The steady-flow energy balance applied successively to HX1, HX2, HX3 and the mixer yields to the following equations: 
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Where is the ratio of the BOG mass to the total high-pressure refrigerant mass and x exp is the ratio of the expanded mass through the expander to the total high-pressure refrigerant mass. For the expander, the adiabatic efficiency is defined as:
The cooling of the hot streams by the cold ones within HX2 can be ensured if the following constraints were imposed on the terminal temperatures of HX2: 
T T T T T T (3)
Since T 8 is fixed to a temperature 5°C lower than T 1 as shown in Table 7 , the inequality T 7 2 is satisfied by itself and thus need not to be implemented. Also note that there is no inequality in the relationship between T3 and TBOG,2, and between T 2 and T BOG,1 . Since the saturation temperature of the nitrogen at 14 bars is -164°C, the system operation avoiding the liquid droplet formation at the expander outlet can be reflected by 9 160 T C (4) where a safety margin of -164°C was considered.
Results and discussions
A computer program has been written on the basis of the thermodynamic properties model, the energy balance equations and the exergy losses expressions using the operating conditions summarised in Table  1 . Since the five equations, (1) to (3), involve the eight cycle variables, T 2 , T 3 , T 6 , T 7 , T 9 , T BOG,2 , and x exp , the cycle state is defined by three cycle variables. Their domains are bounded by the inequality relations of (3) and (4) . In this study, the cycle state will be mainly described by the three exit temperatures of HX2, T 3 , T 6 and T BOG,2 . 0.75 Results will show the influence of the temperature difference T 3 -T 6 in the exchanger HX2 and temperature on the performance of the cycle. These last include the rate of the refrigerant expanded, the work produced by the expander, the specific work for the liquefaction of the cycle, the rate of BOG and the coefficient of performance. The temperature difference T 3 -T 6 varies from 0 to 10, while three TBOG2 temperatures were considered, -145, -140 and -135 ° C. Figure 2 shows the combined influence of the temperature difference T 3 -T 6 and TBOG2 temperature on the rate of nitrogen expanded in expander x exp . Generally, x exp decreases with increasing gap T 3 -T 6 . This decrease is much more pronounced for higher temperatures TBOG2. For example for TBOG2 equal to -135°C, x exp decreases from 0.4 to 0096 as T6-T3 varies from 0 to 10, while it is almost constant for a temperature TBOG2 equal to -145°C. The reduction of nitrogen flowing through the expander is mainly due to the increase of temperature as it exits. Similarly for oxygen, x exp decreases with increasing gap T 3 -T 6 . It is much less pronounced for temperatures TBOG2 higher compared to oxygen. For the same example (TBOG2 equal to -135°C) x exp decrease from 0.426 to .0099 when T 3 -T 6 varies from 0 to 10 and at temperature TBOG2 equal to -145°C, it is almost constant. The decrease of the oxygen flowing through the valve is essentially due to the temperature increase at the output caused by the temperature increase of the BOG2. a b Fig. 2 . Influence of the temperature difference in the exchanger HX2 and the temperature on the rate of the refrigerant flowing through the expander: a. Nitrogen; b. Oxygen. Figure 3 illustrates the effect of the temperature difference T 3 -T 6 and temperature T BOG2 on the specific work produced by the expander. Its magnitude can be evaluated using the following expression:
Increasing the temperature difference T 3 -T 6 in the heat exchanger HX2 decreases the specific work produced by the expander. This is explained by the combined decrease in x exp and the expander exit temperature. The increase of the T BOG2 temperature enhances this decrease as shown in Fig. 4 .a. The use of oxygen causes the same behavior of the work produced by the expander with values very close to those obtained using nitrogen as shown in Fig. 4 .b. a b Fig. 3 . Influence of the temperature difference in the exchanger HX2 and the temperature on the rate of the refrigerant flowing through the expander: a. Nitrogen; b. Oxygen.
The indicator of re-liquefaction performance cycle is the specific work of liquefaction defined by: exp comp spec w w w (5) where w comp and w exp represent the specific work supplied to the compressors and the specific work produced by the expander, respectively. The application of the energy balance of refrigerant flowing between states 1 and 8 requires:
By substitution equation (6) into equation (5), the final liquefaction specific work is obtained:
where w comp and w exp represent the specific work supplied to the compressors and the specific work produced by the expander, respectively. Figure 4 shows the influence of the temperature difference between T 3 -T 6 and T BOG2 on the specific work of liquefaction. For both nitrogen and oxygen, the increase for the temperature difference causes a significant increase in specific work for a T BOG2 equal to -135°C. However, for T BOG2 equal to -140 and -145°C, the temperature difference has little effect on the specific work of liquefaction. In addition, it is noted that increasing T BOG2 significantly improves the specific work of liquefaction. In the case of oxygen, the specific work of liquefaction is higher compared to that achieved by the nitrogen cycle. For example, for T BOG1 = -135°C, the increase of T 3 -T 6 from 0 to 6°C, w spec increases from 4696.72 to 30772.82 kJ/kg of oxygen. a b Fig. 4 . Effect of the heat exchanger HX2 temperature difference T3-T6 and TBOG2 on the cycle specific liquefaction work. a. Nitrogen; b. Oxygen
As for conventional refrigeration systems, the commonly used first law criterion for judging the quality of a re-liquefaction system is the coefficient of performance defined as:
Where q L is the quantity of heat extracted to LNG BOG during its liquefaction which can be assessed using the following formula:
The COP is plotted against T 3 -T 6 and T BOG2 in Fig. 5 . The COP decreases quasi-linearly with increasing the difference T 3 -T 6 . This decrease is mainly due to the decrease of work produced by the expander. The decrease of temperature T BOG2 improves significantly the COP as shown in Figure 5 . It is noted that this decrease is much more pronounced in the case of oxygen. In this case the increase TBOG2 causes rapid deterioration of the COP. 
Conclusions
A thermodynamic evaluation of the use of oxygen in a re-liquefying system of the BOG onboard LNG Carrier vessel has been approached. The considered system works according to the Claude cycle. The calculations were performed using a computer program based on the expressions of the energy balance and a thermodynamic model consisting of a set of equations of state which predict with great accuracy the thermodynamic properties of nitrogen and oxygen necessary for this evaluation.
The results showed that the replacement of nitrogen by oxygen requires pressures well below those prevailing in the system with nitrogen. However, the performances of the two systems are comparable.
